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THE EFFECT OF SOIL MOISTURE ON THE
EST.l\BLISHMENT OF SPRUCE REPRODUCTION IN BRITISH COLUMBIA

INTRODUCTION
PRUCE istfone of the most important trees in northern forest regions of
both hemispheres. The genus is circumpolar in distribution, and it is
the principal component of vast expanses of forest in Scandinavia, Asiatic
and European Russia, Canada, and the northern United States. On each
continent its range extends southward in an irregular manner, following
the higher elevations, in North America in the Cordilleras and the Appalachian Mountains, in Europe through the central highlands to the Alps,
and in Asia southward to the Himalayas, where it is reported to occur over
considerable areas.
Throughout its range spruce is characterized by its association with the
genus Abies) and these two trees together form a forest type that has long
been recognized as one of major importance in any classification of plant
communities. In different parts of the world both genera are represented
by different species, but throughout its entire range the Picea-A bies forest
possesses a distinctive form and appearance which is remarkably uniform.
'In addition to the two principal genera, the type usually contains an admixture of pine, birch, and poplar, the proportions of these species varying
with local conditions of soil, climate, and forest succession.
Since the earliest history of forest exploitation spruce has been of considerable value for commercial purposes in northern countries, and at the
present time its importance as a Source of wood pulp causes it to have an
even greater industrial significance than it formerly possessed when utilized
only for lumber.
Spruce has long been an important forest species in Scandinavia, Germany, and European Russia, and with the development of silvicultural
knowledge in those countries during the last century a considerable body
of information dealing with the genus has been built up. However, until
recent years opinion has divided sharply on the question of its best method
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of management. In Germany there has developed a technique of planting
in pure stands, with successive similar crops, while Swedish foresters have
favored a method of natural regeneration, with a generally lower theoretical
yield, which resembles the wild condition of the forest more closely. Experience appears to indicate that the Scandinavian practice is best, and no
small damage has been caused in German forests by a too rigorous adherence
to artificial methods.
In America, with greater diversity of forest types than in Europe and with
more difficult economic conditions, silvicultural practice has been slow in
development. In the northeastern United States there was at one time a
very considerable forest industry in the spruce region, which declined before any organized forest administration was developed. In recent years the
great expansion of the paper industry in eastern Canada and parts of
Maine, New Hampshire, and New York has caused spruce to regain its
former importance in American forestry. It is unfortunate, however, that no
sound body of information has been built up on which proper silvicultural
management of the genus can be based. Even at present, the problem of
securing adequate and suitable regeneration in cut-over spruce lands is not
receiving the attention and intensive study which it merits. In western
America spruce forests have not yet been exploited to any considerable degree, but it is inevitable that they will be utilized in a comparatively short
time and the necessity for. silvicultural information in this region is of
scarcely less importance than in the eastern part of the continent.
In natural spruce stands in Canada the principal difficulty in forest
management is caused by the fact that the balsam (Abies), which is nearly
always a considerable part of the stand, is in most cases severely infected
with various forms of heart rot and as a result is inferior in value. This is
not of so great consequence in the mature forest where spruce forms the
main volume of the stand, but the advance growth of regeneration is almost
entirely balsam, particularly in western Canada, and with unregulated cutting there remain only defective balsams from the overwood and a second
growth composed of the same species. As a result, the original forest in which
spruce predominated is replaced by a defective stand of an inferior species.
A greater objection is, hovvever, that in eastern Canada, at least, large areas
of pure balsam forest offer conditions which are likely to produce extensive
and disastrous outbreaks of spruce bud worm (42).
The object of forest management in such stands, therefore, should be to
produce a second growth in which spruce predominates or at least forms a
considerably larger proportion than is the case under present methods of
10
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cutting. The difficulty appears to be that in the mature forest the conditions
of the forest floor are unsuitable for the establishment of spruce seedlings,
and after cutting, with increased exposure to light and warmth, the adverse
situation still persists. Seed supply may be adequate in both cases without
increasing the amount of spruce in the reproduction.
REVIEW OF LITERATURE
GENERAL INVESTIGATIONS OF SPRUCE REPRODUCTION

CONSIDERABLE amount of space in forestry literature has been
devoted to the subject of silvicultural management of spruce forests,
but the silvical requirements of the species and the factors which control
its occurrence have received comparatively little attention.
E,urope. After having studied the distribution of spruce reproduction in
Finland, Aaltonen (2) concluded that the species germinated most freely
on humus soil when the reaction was between pH4 and pHS, the acidity
of the seed bed controlling the establishment of reproduction to some extent.
In Norway, Eide (12) observed that thick clumps of young spruce seedlings
were found under the cover of forests of Picea excelsa., even in the densest
stands. These were found to be not on the true forest soil, but on old root
swellings and stumps and particularly on rotting logs. On certain· areas
which were mapped, very few seedlings were found outside of such situations.
Eide points out the significance of this condition as regards soil moisture,
soil temperature, and nitrogen transformation, and suggests a combination
of these factors as being responsible for the distribution of the reproduction.
Kallin (24) studied the regeneration of spruce in old cuttings in northern
Sweden and found the boundary between easily-reproduced and difficultlyreproduced land to coincide very closely with the mean summer isotherm of
eleven degrees centigrade. Instead of the poor reproduction being due to a
lack of viable seed, as had been thought, Kallin considered it to be caused
by a combination of low temperatures and a heavy layer of raw humus.
Eastern North America. In this region there has developed a voluminous
literature dealing with the silviculture of spruce forests, which has been
listed and summarized by Barr (3). Murpqy (32) describes the spruce
forests of the northeastern· states in consider~ble detail. In discussing the
silvical characteristics of the species, he states that moisture is the most important factor influencing the local distribution of spruce on various soils,
and a plentiful supply of soil moisture is claimed to be essential, not only
at the time of germination but throughout the period when the young plant
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is becoming established. Where litter exists under dense spruce stands, he
observes that there is sufficient surface moisture for germination to take
place as the se,eds fall in the autumn, but shortly afterwards the young
germinates are killed by frost. Where germination occurs in the spring, the
seedlings are killed by drought when the litter dries out during the summer.
If no depth of litter exists and the disintegrating layer of humus is practically at the surface the seed bed is admirable.
The first experimental work in the problem appears to have been undertaken in 1917, when Moore (28) transplanted young spruce seedlings from
the forest into (a) decomposed humus, (b) raw humus, and (c) mineral soil
from beneath raw humus, and studied the rate of growth. The raw humus
was found to have a high capacity for holding moisture (over 500 per cent
of its dry weight), but nevertheless it dried out very readily and the dryness
appeared to be a factor in the distribution of reproduction. In 1925 Moore
(30) conducted further studies on the same subject, sowing spruce seed on
humus soil in the forest and also on prepared quadrats of mineral soil. Germination was found to be poor on the humus and good on the mineral soil,
the reason for the failure in the former case appearing to be insufficient
moisture and the inability of the seed germinating on the surface to penetrate beneath the surface. Moore found that it was almost impossible to keep
the surface of the humus moist by artificial watering.
The Northeastern Forest Experiment Station (33) reports the sowing of
84 plots on various types of soil with seed of spruce and fir (A bies balsamea). Survival was found to be poorest on the mat of spruce-fir needle
litter under spruce stands, and highest on old decayed wind-thrown trees.
Westveld (47) has shown that where reproduction of spruce and fir does
exist under mature stands much of this is destroyed in the logging operation.
W esternl North A merica. Blumer (6) studied the reproduction of Engelmann spruce in the Rocky Mountains in 1905 and concluded that mineral
soil was necessary for young seedlings to become established. Pearson (34),
in the same region, investigated the factors controlling the distribution of
forest types and reported in 1920 that the upper and lower altitudinal limits
of the Engelmann spruce type were probably determined by relations of
moisture and temperature, the most important soil character being the
capacity for absorbing and delivering an abundant supply of moisture. Bates
(5), however, claims that the distribution of the spruce type is controlled
almost wholly by the degree of insolation of the site, although in some instances the limits are defined by chemical conditions of the soil. Bates'
principal conclusions, in general, are in harmony with those of Pearson to
12
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the extent that insolation exerts an important effect on the temperature and
moisture of the soil, factors which are considered by Pearson to determine
the establishment of the species.
Lowdermilk (26), in 1925, reported on an investigation of spruce reproduction in the Rocky Mountains in Montana. Where spruce seed was sown
on bare mineral soil in the fall of 1920, the germination in the following
spring was 34 per cent, and of the young seedlings thus developing, 76 per
cent were found to survive until the' following October. On raw humus the
corresponding germination was 14 per cent and the survival 0.7 per cent,
the death of the seedlings in this case being attributed to the inability of the
roots to reach mineral soil before they were overtaken by dry conditions.
Lowdermilk concluded that the conservation of surface soil moisture
throughout the critical dry period was essential, and that reproduction from
seed falling on raw humus soil could not be depended upon under any
conditions. With an adequate seed supply and suitable conditions of moisture, reproduction will be good on mineral soil or humus surfaces lightly
burned over.
In reporting an experiment in Alberta in which germination was studied
on plots of humus and mineral soil in spruce forest, Holman (23) concludes
that the layer of moss which forms on the forest floor must be removed before
seedlings can establish themselves. In his opinion, while natural seeding can
be depended upon if seed bed conditions are suitable, the distance at which
adequate seed distribution will occur is limited to four chains with prevailing winds and a distance in the opposite direction equal to the height of the
trees.
In British Columbia, Garman (18), after studying reproduction conditions in burned-over spruce forests, concluded that with adequate seed
supply reproduction could not be expected until the process of vegetational
succession had reached the point when the burned area bears a light cover
of aspen (Populus tremuloides). This may require several years.
INVESTIGATIONS OF THE MOISTURE RELATIONS OF FOREST SOILS

A great volume of material has been written in connection with the study
of soil moisture. Barr (4) lists over two hundred papers on this subj ect in
the English language alone. Most of the work which has been done in this
field relates to agricultural soils, and comparatively few investigations have
dealt with moisture conditions in forest soils. Those which have a direct
bearing on the present investigation will be indicated very briefly.
Europ1e. In Russia, Otozki published a painstaking work in 1907, re13
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viewed by Guse (20), which described fifteen years of investigation by the
Russian Forest Experiment Station on the effect of forests on the level of
ground water. It was demonstrated that with all variations of topography,
time, plant cover, and geological formation the level was lower in the forest
than in the soil of open land. In addition to reporting on his extensive work,
Otozki presented an exhaustive review of the literature on the subject.
Morozov and Rotmistrov (36) also conducted investigations in Russia on
the same subject and reached similar conclusions.
In Germany, Cieslar (10) found that germination was unsatisfactory
under the cover of a full stand and concluded that this was due to lack of
light, the influence of varying soil moisture existing only within the limits
of light supply required by the species. Engler (13) carried on an extensive
series of experiments in Switzerland between 1908 and 1909, in which
he studied the moisture characteristics of forest and open land soils. His
work was later extended by Burger (9). The results of these two investigators agreed in demonstrating the fact that the water content of forest
soils was lower in summer than that of soils in open land.
More recently, in Sweden, Halden (21) studied the conditions of soil
moisture both in the forest and in the open under a wide range of conditions.
He found forest soils to be drier than soils in the open during the summer
months, at least to a depth of 80 cm.; in the forest the surface layers were
moister, probably due to their greater moisture-holding capacity, but during
periods of drought this condition might be reversed. Tamm (44), also working in Sweden, found reproduction to be difficult on podsolized soils, although easily accomplished on moist soils.
North America. The subject of moisture in forest soils is discussed very
thoroughly by Toumey (45), and the investigations conducted by Simpson
(39) and Craib (11) under his direction constitute the principal work that
has been accomplished in this field in North America. Working at Keene,
N. H., Craib studied the distribution and disposition of moisture in the
soil and the effect of forest cover on these characteristics. More moisture
was found to be available to plants in the surface soil than at increased
depths, and during the dry part of summer the available moisture in soil
beneath a fully stocked pine stand fell so low as to form the limiting factor
which controlled the survival of reproduction. Simpson, also working at
Keene, studied the seasonal variation of soil moisture in the forest and in
the open. He found that in the forest the soil moisture declined gradually
from June until October, while on a denuded site, following a marked reduction in spring, the soil moisture increased during the summer months.
14
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In common with previous investigators in Europe, Simpson found the moisture content of soils covered with stands of timber to be less during the
growing season, down to a depth of three feet, than that of similar denuded
soils.
Stickel (41) found the values of moisture retentiveness to be very high
for samples of litter and duff from forest soils in the northeastern spruce
and hardwoods region. Based on dry weight, these values ranged from
142 per cent for the organic horizon of soil in a spruce-balsam forest up
to 699 per cent for litter from a hardwood forest. Making similar determinations of moisture content in spruce forests on Mount Desert Island, Moore
(29) found that raw humus under a full cover of overwood had a moistureholding capacity of from 400 per cent to 600 per cent, based on dry weight,
and 80 per cent to 90 per cent, based on volume. At the time of sampling,
the moisture content of such soil w'as actually 20.5 per cent as against 59
per cent for the humus of the openings in the forest. During the dry part
of summer the humus under the full stand was observed to become very
dry. The greater values secured by Moore compared with those of Stickel
are probably due to the fact that his samples apparently were taken from
partly decomposed humus, while those selected by Stickel were from the
surface layers of undecomposed litter or duff.
INVESTIGATIONS OF THE EFFECT OF ROOT COMPETITION

The first work of importance concerning the effect of root competition in
forest soils was that of Fricke (16) in Germany, who compared the germination of seed and the growth of young trees on undisturbed plots and on
plots in which root competition had been eliminated by trenching. In the
trenched plots he found germination and growth to be better and the moisture
content, based on volume, to be higher. Later, Cieslar (10) corroborated
part of Fricke's work by finding the moisture content of trenched soil greater
than that of soil which had not been trenched, but he claimed that under
the conditions of his experiment the extra moisture alone was not sufficient
to produce germination under a full stand, additional light being necessary.
Also working in Germany, Frombling (17) later suggested that the uneven
development of individuals in a dense stand was not a matter of root development but of individual predisposition, since where root competition is
most severe, as with shallow rooted species, there may be the greatest
density of crown cover. Aaltonen (I), however, as a result of his extensive
work in Finland, states definitely that the space arrangement of those parts
IS
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of trees which are above the soil is mainly decided by the roots and the
competition existing between them for water and nutrients in the ground.
An important recent European contribution to the subject is that of
Fabricius (14), who shows as a result of several years experimentation in
the Grafrath experimental forest at Munich that the competition of the
roots of trees in the overwood is an important and frequently a controlling
factor in the germination of seeds and the growth of young trees in the
underwood.
In North America the first experiments with trenched plots were those
of Tourney (45), which have been recently extended in greater detail by
Craib (11). Craib found that trenching greatly increases the amount of
soil moisture available to plants during dry periods; there may be from
two to nine times as much moisture available in the first six inches. When
the soil moisture is abundant in the spring and late autumn the trenching
exerts relatively little influence on the amount of available moisture.
In British Columbia, Griffith (1 9) has studied the effect of trenching
upon germination of seedlings from natural seed supply on both humus
and mineral soil, beneath the cover of a mature spruce-balsam stand. No
difference in the germination of tree seed was apparent in the trenched
humus, although the surface vegetation greatly increased in abundance and
thriftiness. On the mineral soil, however, considerably greater numbers of
seedlings appeared on the trenched plots than on those in which the effect
of root competition had not been eliminated.
INVESTIGATIONS OF OTHER FACTORS AFFECTING THE ESTABLISHMENT OF
SPRUCE REPRODUCTION

Characteristics of the soils of spruce forests. In connection with his extensive studies of humus soils in Sweden, Hesselman (22) concluded that
the raw humus which has been formed under a mature spruce stand and
which develops comparatively weak seedlings may, under the effect of the
sun on a cleared area, develop such characteristics that the seedlings become
strong, with vigorous root systems. Tamm (43) has also devoted attention
to this matter, and in his description of the humus soils in the experimental
forests of Kulbacksliden and Svartberget in North Sweden he emphasizes
the peculiarities of water movement and moisture content of the soils in
spruce forests.
Weidemann (46), as a result of his investigations of soil conditions in
the spruce forests of Saxony, states that where a layer of undecomposed
material has accumulated on the surface of the soil in such stands, a steady
16
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supply of decomposed humus,with better conditions for reproduction and
growth, can be assured by mechanically tearing up and mixing the humus
and the mineral soil.
The formation of podsolized soil in coniferous forests has been discussed
by numerous authors. A brief statement of this subject, in English, is given
by Stickel (40), who points out that the podsol formation probably exists
naturally throughout the spruce-fir forests of Canada and the northeastern
United States.
The relation of mycorrhiza to the establishment of spruce seedlings is
mentioned briefly by Melin (27), while Mork (31) has recently investigated
the matter in more detail in Norway and suggests that the frequent occurrence of spruce seedlings on decaying fallen trees is due to the abundance
of mycorrhiza under such conditions.
Characteristics of the root systems in spruce forests. A number of authors
have observed that in spruce forests there exists on the surface of the soil
a matted layer of raw humus composed of undecomposed material interwoven with tree roots. This characteristic of the soil of spruce forests is
discussed by Toumey (45) in his Foundations of Silviculture (p. 113) and
also by Moore (29) and Bohmerle (7).
Germination requirements of seeds. Shull (38) used seeds to measure
the moisture-withholding powers of soils by observing the force with which
seeds absorbed water from the soils, at different values of their own moisture
content. In this way he found the wilting coefficient of sand to be 1.3 per
cent and of clay loam to be 19.1 per cent. This work has a bearing on the
determinations of wilting coefficient and seed absorption which will be
described in the present paper. The powers which seeds possess to withdraw water from the soil has also been studied by Bouyoucos and McCool
(8).
Rubner (37) conducted an investigation of the effect of depth of covering on the germination of spruce seed in loam, sand, humus, and clay. He
found that seed buried at depths of 0 and 1 em. in sand and garden soil
displayed better germination and survival than seed sown at the same
depth in clay or humus. When the depth of the sowings in sand and garden
soil was increased beyond 1 em. the percentage of germination was not reduced, but the subsequent mortality was heavier.
Following his investigations in Finland, Kujala (25) concludes that
the distribution of spruce forests and the ability of seedlings of this species
to become established are dependent upon conditions of annual temperature.
Where there is a lack of natural reproduction Kujala feels that this has
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been caused by defective development of the seed resulting from low summer temperatures.
OUTLINE OF THE INVESTIGATION

T

HE investigation which is dealt with herein forms part of a comprehensive study of the silvical requirements of the extensive spruce
forests in the Central Interior of British Columbia. This work has been
carried on by the Research Division of the Provincial Forest Service, under
the supervision of the writer, and most of the field work has been conducted
at the Aleza Lake Forest Experiment Station, in the valley of the Upper
Fraser River, near the city of Prince George.
The investigation was begun in 1924, when a general survey of the region
was made, in order to secure preliminary information concerning the forest
con'ditions and to locate suitable working centers for detailed studies. During 1925, 1926, and 1927 several phases of the work were carried on concurrently, as follows:
I. A series of twelve permanent plots (numbers 1 to 12) was established
for the purpose of studying the occurrence of natural reproduction on various types of seed bed, under different densities of overwood and on northern
and southern aspects.
2. A second series of four plots (numbers 17 to 20) was laid out in
logged-off land for the purpose of studying the survival and growth of advance reproduction after logging and the establishment of new reproduction
from marginal timber and from seed trees left after logging.
3. A third series of five plots (numbers 29 to 33 inclusive) was laid out
in an experimental cutting area for the purpose of studying the effect of
different methods of slash disposal on subsequent reproduction. On these
plots an effort was made to determine the effect of the various disposal
methods on reduction of the fire hazard.
4. A series of transects and quadrats was laid out on an experimental
cutting area for the purpose of studying the establishment of reproduction
on logged-off land and on exposed mineral soil, as compared with the natural
moss covered humus of the spruce forest.
5. Two plots (numbers 35 and 36) were established as the basis for a
study of the effect of soil moisture, aspect, light, and soil type on the germination and survival of spruce seedlings in the mature forest. In this case,
seed was sown artificially, as contrasted with the work on Plots 1 to 12
where natural seedfall was relied upon. Certain phases of this study were
later repeated and extended in the greenhouse of the Marsh Botanical
18
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Garden at Yale University, and parts of the field work on Plots 35 and 36
were checked, in 1928, by means of two additional plots (numbers 43 and
44)" The entire group of studies forms the subj ect of the present investigation.
FOREST AND SITE CONDITIONS ON THE EXPERIMENTAL FOREST AT ALEZA LAKE

T

HE Experimental Forest at Aleza Lake consists of 6,700 acres of
rolling country, forming the watershed of a small unnamed creek.
The area has a general slope to the west and is broken with numerous small
ravines along the northern boundary, the central and southern portions being fairly level. With the exception of 360 acres of logged-off land and
numerous small open swamps, the area is heavily timbered with a uniform
stand of spruce (Picea engelmanni and P. ca?1;adensis) and balsam (Abies
lasiocarpa) .
The species of both genera are unevenaged, the spruce ranging from 100
to 250 years of age, with an average of about 160 years, and the balsam
generally somewhat younger.
Details of the distribution of diameter classes in the forest are given in
Table I. The underwood of spruce and balsam is fairly uniform throughout
the forest; details of its composition are given in Table 2, and the general
appearance of the stand is indicated by Figure I.
The climate is characterized by dry summers of short duration and long
winters with· heavy snowfall but irregular temperatures; periods of extremely cold weather alternate with thaws or moderate frosts. No weather
records are available for Aleza Lake, but statistics of the nearest meteorological stations, at Dome Creek and Prince George, are summarized in
Table 9. These places are both on the Fraser River, the former 45 miles
east of Aleza Lake and the latter 28 miles west. Snowfall is somewhat
heavier at Aleza Lake than at either of these stations, but there is no reason
to believe that in other respects there are any significant differences in
climate. Records of air temperature, relative humidity, and precipitation
were kept at the Aleza Lake Experiment Station in connection with the experiment, and these are summarized in Table 8.
The original soil on the experimental forest appears to be a deep clay
deposited in still water. Where it has not been eroded or covered by further
deposits this soil has a well developed profile, which indicates that it is
mature. In parts of the area there is a considerable depth of lighter, sandier
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soil, subsequently deposited, which has in turn been covered with a layer
of clay 30 to 40 inches in thickness. At a later period a considerable amount
of moderately fine sand was washed into the area from the east by river
flows, and this has formed a mixture of types (15).
On the two plots selected for this study (numbers 35 and 36) the soil is
a deep heavy clay, free from bodies of sand. Results of analyses of this soil
are given in Tables 3 and 4.
Throughout the forest the surface layers of the soil are remarkably uniform in appearance, arrangement, and relative thickness. Since the nature
of the soil surface is a factor of first importance in the carrying out of the
field investigations, the details of its structure are explained.
The formation as a whole is of the podsol type of soil, produced by conditions of the natural environment, which is characteristic of the mature
northern spruce forest (35) (45). The typical soil profile includes three
horizons:
Horizon A. The surface layers of soil. Four of these layers may be recognized, as follows:
a. A dense and uniform growth of mosses, mostly of the genera Hypnum,
Mnium, Hylocomium, and Rhytidiadelphus. This moss layer varies from
one and one-half to three or four inches in thickness.
b.
layer beneath the mosses, of undecomposed vegetable matterspruce and balsam needles, twigs, herbaceous roots and leaves, and miscellaneous broken fragments, the whole compacted by the pressure of the
winter snows into a thin and somewhat dense carpet-like structure, often
referred to as the litter zone.
c. Beneath the litter is a layer of decomposed and decaying humus
about two inches thick. Hesselman (22) refers to this as horizon F. It
grades sharply into
d. A layer of mineral soil, light gray in color, with a distinctive "crumbly"
structure of small lumps or granules, and interspersed with numerous fine
rootlets. Weathering and percolation of surface water have leached constituents out of this layer into the horizon beneath.
Horizon B. This is a layer of brown soil, uniform in color and texture
and broken by numerous irregular cracks or fractures. In it have
accumulated the materials removed from the layer of gray soil above it.
Horizon C. A deep reddish-brown clay soil in which no leaching or deposition has taken place.
The appearance of these horizons is shown photographically .in Figure 2
and diagrammatically in Figure 9.

A.
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The shrubby and herbaceous undergrowths are somewhat irregular in
density. Over most of the forest they are sparse or medium in abundance;
but over considerable areas in the eastern and southwestern portions of the
area the growth of Devil's Club (Fatsia horrida) is extremely dense.
The appearance of the small ground cover is shown in Figure 3 and
details of the composition of the undergrowth are given in Table 5.

DESCRIPTION OF THE METHODS EMPLOYED IN THE
INVESTIGATION
SELECTION AND PREPARATION OF EXPERIMENTAL PLOTS

T

HE investigations comprising the first part of this study were carried
out on two experimental plots at Aleza Lake, to which reference has
already been made. The first of these, Plot 35, was 99 feet long and 66 feet
wide, containing .15 acre, with its longer boundaries running north and
south. It was established on a well timbered south-facing slope, which
formed the northern side of the valley of a small stream. The second plot,
number 36, was situated on a slightly less steep slope which formed the
northern side of a low ridge. This plot was 99 feet square, containing .225
acre, and also had its sides running in cardinal directions. The difference
in the shape of the plots was necessary, due to slight irregularities in the
topography and timber which made it desirable for each plot to conform to
the dimensions stated in order to secure uniform conditions within its
boundaries. Apart from this feature and the difference in aspect, the two
areas were very similar in all respects and their subsequent treatment was
identicaL
Following the selection of the site, the boundaries of each plot were blazed
out and the comers marked with wooden posts. All trees on the plot were
then recorded and the positions of those over one inch in diameter at breast
height were plotted on a chart. In recording the trees, those over one inch
in D.B.H. were tallied by diameter in one-inch classes, while those below
this size were recorded by two-foot height classes. The stand tables for the
two plots· are contained in Tables 6 and 7, while their charts are shown in
Figures 10 and 11. The similarity in density and size of the overwood of
mature timber and the understory of young trees in the two plots is clearly
indicated by the stand tables.
The actual studies of soil moisture and seed germination were carried out
on eight quadrats or subplots situated within the boundaries of each of the
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main plots. These quadrats were each 6.6 feet square, containing 1/1000
acre, and were spaced irregularly in order to take advantage of areas with
similar conditions of surface and vegetation. Notrees of any size whatever
Were included in any of these subplots. On four of the quadrats in each
plot the surface layers of moss, litter, and humus were carefully lifted and
removed, exposing the surface of the mineral soil, -while the surface of the
remaining four was left undisturbed. In each of these two groups of four
each quadrat received different treatment throughout the growing season,
as follows:
a. One quadrat was exposed to natural conditions.
b. One quadrat was shaded artificially by means of lath screens supported
12 inches above the surface of the soil. The screens· were designed to give
what is commonly referred to as H 50 per cent shade," that is, the openings
between the laths were of the same width as the laths. The arrangement is
illustrated in Figure 4.
c. One quadrat was watered once daily throughout the summer by means
of an ordinary garden sprinkling can, approximately two gallons of water
being applied each time, as nearly uniformly as possible.
d. A trench about one foot wide was dug along the boundaries of one
quadrat to a sufficient depth to sever all roots entering the plot from nearby
trees. In digging, the earth was piled on the side away from the quadrat in
order to leave its surface conditions undisturbed, and when all tree roots
had been severed the earth was packed back into the trench in order to prevent the digging producing any drainage effect on the soil of the quadrat
itself.
ARRANGEMENT AND SOWING OF SEED

Rows

ON THE EXPERIMENTAL PLOTS

Following the preparation of the plots, Engelmann spruce seed of the
crop was sown on each quadrat in five rows of 100 seeds each. These
rows were eighteen inches long, parallel, and about six inches apart, grouped
on a small area about twenty inches square in the center of each quadrat.
They were arranged in an approximate north and south direction and were
numbered consecutively from I to 5 on short nursery labels placed at the
ends of each row. The general appearance of a typical quadrat is shown
in Figure 5, and the arrangement of the seed rows is further illustrated by
Figure 6.
The seed had been collected near Kamloops, British Columbia, in the
fall of 1926, from two sources, one at Mount Ida and the other near Salmon
River. In each quadrat, rows I, 2, and 3 were sown with the Salmon River
1926
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seed and rows 4 and 5 with that from Mount Ida. Subsequent germination
tests showed the latter seed to have a higher germination per cent (see Table
22), but as the purpose of the various sowings was to indicate the relative
rather than the absolute effect of the soil conditions, and since seed from
both sources was sown on every quadrat in the. same proportions, the difference in viability is not of consequence.
It was intended originally that the seed, after sowing, should be exposed
to the conditions prevailing on each quadrat without any artificial protection,
but shortly after the sowings were completed it was observed that birds,
mainly juncos, and also possibly rodents were destroying much of the seed.
It was therefore considered advisable to provide protection against this
source of damage. Rows I, 3, and 5 of each quadrat were resown with the
same quantity of seed as before, the two remaining rows being left as a
check to indicate the proportion of the original seed which had been removed,
and the whole set of five rows was covered by a fine mesh wire screen
mounted on a wooden frame twenty inches square.
The two main plots, each containing the eight quadrats, were established
on May 20, 1927, this being the first day of the season on which the snow
had disappeared sufficiently to permit the ground being worked. The completion of two or three quadrats had to be delayed a few days until the
frost was sufficiently out of the ground for the trenching to be done. The rows
of seed were sown on May 22, and the reseeding, necessitated by bird
damage, was done on May 31, when the rows were covered by the wire
screens.
RECORDING OF SEEDLING GERMINATION AND MORTALITY

The rows of seed were examined at intervals of from two to eight days
throughout the growing season, and at each examination the following information was recorded:
I., Total number of living seedlings.
2. Deaths occurring since last examination.
3. Cause of death.
After they had been examined to ascertain the cause of mortality, the
dead seedlings were removed. It had been planned originally that each
seedling was to be numbered when first observed, thus permitting the dates
of germination and death to be recorded for each individual, but the crowded
conditions of the germinates on some of the rows and the enormous mass
of data which this system would have entailed made it advisable to adopt
the form of record outlined above.
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Summaries of the germination and mortality of the seedlings on the two
plots are contained in Tables 10 and 11.
A summary of germination and survival on both plots, with deaths from
all causes, is presented in Table 15 and results from the screened and unscreened rows of seed are compared in Table 16. Causes of .seedling mortality are summarized in Table 17.
The first seedlings appeared on Plot 35 on June 17 and on Plot 36 on
June 27. On both plots the first germination occurred on mineral soil. The
records of germination and mortality were commenced on July 1 and continueduntil September 4.
DETERMINATIONS OF SOIL MOISTURE

In addition to the observations of seedling establishment, a study was
made of the variation of soil moisture content throughout the summer. For
this purpose soil· samples were selected in each quadrat at intervals of from
two to four days from the area between its boundaries and the part occupied
by the seed rows.
In examining the seedlings, care was taken to confine trampling of the
surfa..ce to one restricted area, and the soil samples were lifted from undisturbed portions of the quadrat. In sampling, a small block of approximately eight cubic inches of soil was lifted from the upper two inches of the
soil and immediately transferred to an air-tight aluminum soil can. This was
weighed as soon as possible, and af~er weighing the lid was removed and
the can of soil was maintained at a temperature of 102 C. in a drying oven
until a constant weight was obtained, when it was again weighed and the
water loss
moisture content calculated on the basis of _______ . It was found
weight of dry soil
that approximately eight hours were sufficient to dry out the samples of
mineral soil, this short time being due mainly to the loose and crumbly
nature of the comparatively sm.all sample. The samples of litter and humus
from the surfaces of those quadrats on which mineral soil had not been exposed dried out somewhat more quickly, but for convenience in operation
of the oven for the large number of tests, both kinds of samples were dried
for the same length of time.
The moisture determinations were commenced on May 23 and continued
until September 3 when heavy and continuous fall rains h(ld set in and
further tests were inadvisable.
Summaries of the soil moisture records for both plots are contained in
Tables 12 and 13. For each quadrat, the values of moisture content, in per
0
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cent, were plotted against time and a curve drawn to show the changes
occurring throughout the season. These curves are shown in Figures 7 and
8. FQr/purposes of comparison of various sets of conditions, curves devfji'oped from the data of certain of the quadrats are combined in Figures
{2, 13, and 14.
As already stated, previous reproduction studies had shown that spruce
reproduction occurred, under ordinary natural conditions in the forest, in
very small proportions in comparison with balsam. However, it was frequently observed that spruce appeared to reproduce very readily on decaying logs and also on patches of mineral soil exposed by uprooted trees. In
conjunction with the principal investigation on Plots 35 and 36, supple..
mentary studies were made of seasonal changes of moisture in these special
types of natural soil surface. Two sets of conditions were selected for examination. The first consisted of the base of a large balsam, which had
been overturned by wind, near Plot 35. A considerable mass of mineral
soil had adhered to the roots,. and in this a number of young spruce seedlings were growing vigorously. The root mass presented definite north and
south surfaces, and soil samples from each of these were taken at the same
time as those from the main plots, and moisture determinations were made
in the same manner. A summary of the results is given in Table 14 and the
corresponding curves in Figure 15a.
DETERMINATIONS OF' THE MOISTURE CONTENT OF DECAYING WOOD

The second set of supplementary samples were taken from the surface
of two rotting fallen trees. One, a large Douglas fir, was lying on the northern slope near the northeast corner of Plot 36. It was almost completely
decayed, the remains of the wood being in a loose powdery condition, covered
by a thin layer of moss. Several young spruce and balsam trees were growing on its upper surfaces. The other specimen was the short base of a large
Douglas fir overthrown by wind, situated on Plot 35 between Subplots 5
and 3. In this case the wood was thoroughly rotted, but not to the extent
of that in the first example. Numerous small spruce seedlings from 2· to 12
inches in height were growing on its surface.
A sample of the decaying wood immediately below the moss layer was
taken from the upper surface of each specimen at the time the samples were
taken from the experimental. plots, and moisture determinations were com-,
pleted in the same manner. Summaries of the results are given in Table 14
and the corresponding curves in Figure ISb.
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EXPERIMENTAL WORK UNDER CONTROLLED CONDITIONS IN THE
GREENHOUSE

The work carried out on Plots 35 and 36 was done under natural atmospheric conditions, with irregular precipitation, typical of an ordinary growing season in Central British Columbia. The results which were secured
indicated the progress of seedling germination and survival and the seasonal
trend of soil moisture in the various soil samples of the experiment, but it
was not possible to trace the precise effect of available moisture upon germination. As will be discussed later, critical conditions of dryness during
the late summer did not occur on Plots 35 and 36 for seedlings which had
become well established in the spring, and it was desirable to determine
the point at which wilting would occur in seedlings of this age.
In order to clear up these points and complete the investigation asa
whole, certain phases of the germination studies were repeated under controlled conditions of atmosphere and moisture supply in the greenhouse of
the Marsh Botanical Garden of Yale University in New Haven. For this
purpose blocks of surface soil were lifted near Plots 35 and 36 and transferred to the greenhouse. These were approximately twenty-four inches
square by six inches thick and were selected from typical surfaces in the
forest showing conditions as similar as possible to those existing in the
quadrats of the field experiments. The samples were cut out intact from the
soil and transferred to shallow boxes without disturbing the relative position of the soil horizons or the natural conditions of the surface vegetation.
On arrival at the greenhouse they were placed on ordinary nursery beds, and
the wooden containers carefully removed from around and beneath the soil
masses. The level of the surrounding soil in the seed beds was then brought
up to the surface of the samples by packing in fresh garden loam. Six samples
were selected for shipment and, when they had all been transferred to the
greenhouse, the best four were retained for experimental work, these being
free from any signs of cracking or damage in shipment and with surface
conditions of vegetation and humus closely approximating normal appearances in the forest.
The samples were removed from the field in the latter part of September,
1927, after autumn frosts had set in and general wilting down of the vegetation had taken place. Under the influence of favorable temperature conditions and regular watering in the greenhouse, the ground cover of herbaceous vegetation began to put out fresh leaves again, and during the period
October, 1927, to March, 1928, it followed the normal course of summer
growth, with flowering and development of fruit. (Fig. 20.)
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A second series of four samples was prepared by lifting clay soil from
Plots 35 and 36 at a depth of from six inches to one foot, transferring it to
the greenhouse and spreading it evenly in wooden nursery "flats" approximately IS inches square and 4 inches deep. These boxes of soil were then
buried in the garden loam in the greenhouse seed beds, so that the surface
of the clay soil was level with that of the surrounding seed bed.
A third set of samples was prepared by spreading a layer of clean sharp
building sand, from typical New Haven subsoil, to a depth of about six
inches over a layer of loam covering the bottom of one of the greenhouse beds,
measuring 20 feet by 5 feet. On this surface of sand, four areas about 18
inches square, centrally located, were selected for the experiment.
The three sets of seed beds rested on approximately four inches of garden
loam contained in greenhouse seed bed frames constructed of clay tiles supported by a ,vood and iron framework three feet above the ground. One
side was bounded by the glass wall of the greenhouse, the other by a supporting board along a central passageway. The glass roof was about five
feet above the beds, and heat was supplied by steam pipes eighteen inches
below the tiles supporting the soil.
The air temperature was maintained at approximately 65° F. during the
day and 55° F. by night. Throughout the course of the experiment the temperature and relative humidity of the atmosphere and the soil temperature
at a point two inches below the surface were measured by recording instruments. A copy of these records for a typical week is given in Figure 2 I.
PREPARATION AND ARRANGElVIENT OF SEED

Rows

In each of the four seed beds in the three series, four samples of 200
spruce seeds of the 1926 crop were sown in parallel rows 12 inches long and
3 inches apart. The samples ,vere from different sources and numbered
consecutively from left to right in each bed in the following order:
I. Engelmann spruce, Aleza Lake, British Columbia.
2. Engelmann spruce, Salmon River, British Columbia.
3. Engelmann spruce, l\10unt Ida, British Columbia.
4. Sitka spruce, Queen Charlotte Islands.
Each row of seeds was marked by short nursery labels, numbered, and
bearing details of the source of the seed. The general appearance of the
experimental surfaces, with details of the arrangement of the seed beds and
the sets of seed rows, is shovvn in Figures 19 and 20.
The entire series was arranged as follows:
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The beds were sown on November 3, 1927, but during the first fe\v waterings a considerable number of seeds in Beds 37 to 40 inclusive were displaced from their positions, and it was necessary to resow these beds. This
was done on November IS. The experiment \vas continued until March 26,
1928, when the last of the seedlings died. At intervals of from five to twelve
days throughout this time the seedlings in each row were counted, new germinations and deaths noted, and dead specimens removed. Summaries of
the records ot germination and mortality are contained in Tables 19, 20,
and 21, and the data from the separate series of beds in each type of soil
are presented by curves in Figures 16, 17, and 18.
After the series of beds described above had been under observation for
some time, a supplementary series was sown (Beds 64 to 78) in which the
watering was discontinued at an earlier date after sowing than in the main
series of beds. The purpose of this \vork was to test the ability of young
seedlings to withstand drought as cOlupared with older seedlings. Details
of the watering schedule and of germination and the times of wilting are
contained in Table 23.
The viability of the seed used in both the field plots and the greenhouse
was tested in a germinator of the Yale School of Forestry type, stationed in
the greenhouse beside the seed beds of the experiment. In this \vork, two
samples of 200 seeds each were placed on moist filter paper beneath inverted glass funnels on the germinator, and the germinated seeds were
counted at five-day intervals. Results of the tests are given in Table 22.
DETERNHNATIONS OF WILTING COEFFICIENTS

The wilting coefficients of the three types of soil were found directly by
determining the proportion of moisture in the soil, based on the dry weight
of the latter, at the time general \vilting became apparent in the seedlings.
The time of wi!ting was fairly definite in the cases of the seedlings growing
in the humus and clay soils, but difficulty was encountered in observing the
definite point of permanent wilting in the seedlings gro\ving in sand. The
seedlings in this case had developed such mature stems and leaves that it
was not possible to deterlnine with accuracy the loss of turgidity \vhich
marked the wilting point. On the other hand it was possible to observe the
relative ability of the seedlings to resist drought by noting \vhen they failed
to recover after successive periods \vithout \vater.
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mineral soil. The shading would tend to increase the moisture of the soil
but to lo\tver its temperature. Since the former would improve conditions for
germination it can be assumed that the decrease in germination is a result
of the change in temperature conditions.
Watering. On both humus and mineral soil, artificial watering increased
germination on the southern slope and decreased it on the northern slope. In
the first case the increase was much more marked on humus (from o. to 22 per
cent) than on mineral soil (from 34 per cent to 38 per cent). However, in
the second case the decrease was greater on the humus soil (from 9 per cent
to 2 per cent). It is probable that both differences are due to the temperature
factor: on the south slope the greater warmth would favor germination and
enable the seeds to utilize the increased moisture; on the colder northern
exposure the soil would tend to remain damp and cool throughout the season,
and consequently less favorable for germination than the drier but warmer
soil which was not watered regularly.
EXposu1'e. Germination was better on the northern slope in all cases on
both humus and mineral soil, except on \vatered humus, where it was better
on the' southern quadrat (22 per cent) than on the northern (2 per cent).
The reason for this has been discussed above. On mineral soil the advantage
of the northern exposure was strongly marked on the undisturbed, trenched,
and shaded quadrats but less evident on the watered quadrat. (See Table
IS·)
Mortality. The survival on both plots, based on the number of seedlings,
is also summarized in Table IS. Germination on humus soil was so poor that
the values of survival have little significance, but the data for. the mineral
soil are more important and show that the survival was much better on the
southern than the northern slope. When germination was complete on both
plots the wire screens were removed in order to expose the seedlings to
natural atmospheric conditions; this exposed the seedlings to damage by
birds and insects and a considerable part of the mortality was due to this
cause. The causes of seedling mortality are summarized in Table 17. By
adding the total number of deaths in rows I, 3, and 5 by causes, from the
basic field records, the following results are also secured:
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a. Germination of spruce seed is negligible in amount on undisturbed
raw humus soil, but takes place freely on exposed mineral soil.
b. Trenching to eliminate root competition does not produce any definite
effect on germination in mineral soil, but slightly increases it in humus.
c. Increased shade reduces germination on both soil types.
d. Artificial watering produces considerable germination in hun1us but
no particular change in mineral soil.
e. Germination is better on northern than on southern slopes.
f. Seedling survival is better on humus than on mineral soil, under the
conditions which existed in the experiment.
g. Little or no mortality from drought occurred during the season under
consideration. There \vere considerable but no serious losses due to disease
in the early part of the season. Severe losses were caused among the young
seedlings by birds or insects, but these were probably occasioned by the
artificial arrangement of the seedlings in short dense rows in the quadrats.
THE SEASONAL TREND OF SOIL MOISTURE

The conditions of soil moisture in the various quadrats are illustrated by
the curves in Figures 7 and 8, and comparisons of certain pairs of quadrats
are given in Figures 12, 13, and 14. All these curves are based on the
records of the moisture determinations given in Tables 12 and 13.
C o1J~pariS01z, of htt1ntts and lnineral soil. The most striking feature of the
curves is the difference in the moisture content of humus and mineral soil:
the former is much higher and falls for the most part between the limits of
100 per cent and 400 per cent during lVIay, June, and July, and passes below 100 per cent only during the dry weather in August. In the nlineral soil
the moisture content rarely exceeded 60 per cent. The remarkable differences are due to the difference in the absorptive qualities of the two soils
and also to their differences in density, since the moisture content was in
all cases calculated on the basis of dry weight of the sample. Because of
the considerable differences in density of the t\VO soil types it would have
been advantageous to have calculated the moisture content on the basis of
volume, but it was not practicable to lift samples of humus by volume for the
moisture determinations, owing to the irregular surface and texture of this
type of soil.
For purposes of comparison the maximum and minimum values of moisture content in the various soil types during the period of observation are
included in the following tables:
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From the above tables it is seen that while the maximum values were
much higher on the humus the minimum values were of about the same
magnitude on both types of soil with the exception of the watered quadrats,
where the values are higher for the humus. As a result the variations are
much greater in the humus. The minimum values on the mineral soil were
less than those of the humus soil except on the quadrats of undisturbed soil
on Plot 36 and the quadrats of trenched soil on Plot 35.
Both types of soil exhibit the same general trend of seasonal variation. In
practically all the quadrats the high values in the latter part of May are
followed by lower values in early June. There is then a sharp rise to a high
point near the end of June, followed by a steady decline throughout July
and until about August 20. This decline is broken by a slight rise at the end
of July. Beginning with the last week in August the curves rise sharply until
the last determination of September 3. Throughout the season the high and
low points of the curves correspond very uniformly for the different quadrats, "vith the exception of those which were watered; the characteristics of
these quadrats will be discussed later.
In analyzing the results of the moisture determinations it should be remembered that the mineral soil was much denser than the humus, and since
the moisture values are calculated on the basis of dry weight in each case
the differences are partly due to this variation in density. In making the
determinations it was found that a sample of mineral soil dried to a constant weight was about 4.35 times as heavy as a similar sample of humus
of approximately the same volume. However, if in the above table the maximum moisture values are divided by 4.35, the reduced values thus secured
are greater in every case than the corresponding maxima of the mineral soil.
Based on approximately equal volumes of soil, the moisture content was
usually higher in humus than mineral soil on an average throughout the
season, but this relation was not consistent.
The moisture content based on dry weight cannot be regarded as a natural
measure of the moisture available for plants in different soil types; the
question of available moisture on the various quadrats of Plots 35 and 36
will be discussed later. However, since the same method of moisture determination was used on all quadrats throughout the season, the values finally
secured permit the comparison of the types of soil on each plot and their
various methods of treatment.
Trenchi1~g. On the humus soil the effect of eliminating root competition
was to increase both the maximum and minimum values of soil moisture and
also to reduce the period of low moisture content. These points are apparent
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in the curves of Figure 12 which are based on the averages of corresponding
values for trenched and undisturbed humus soil on both exposures. The
curves of Figure 12 are very significant as regards the survival of vegetation
under natural conditions in the forest. During the critical dry period in the
summer the moisture content of the humus soil is appreciably lowered by the
demands of tree roots. The dry condition is also attained at an earlier date
and persists for a considerably longer time. In the example offered by Figure
12 the minimum value was 53 per cent in the trenched humus and the moisture content was below 60 per cent for only 7 days. In the untrenched soil
the minimum was 35 per cent and the moisture content was below 60 per
cent for 20 days. In this instance the value of 60 per cent is selected arbitrarily, and as far as the spruce seedlings were concerned the moisture content did not fall belo'v the ,vilting point at any time. However, it seems
clear that conditions on the undisturbed soil were more severe than on the
trenched quadrats, even if critical conditions were not attained in either
case.
On the mineral soil trenching did not produce the marked effects which
were apparent on humus soil. On the north-facing plot the moisture content
of the trenched soil was slightly lower throughout the season than on the
untrenched soil; this was due probably to slight differences in drainage and
exposure to light. On the south-facing plot the trenching increased the moisture content, slightly in the early part of the season and to an appreciable
degree during the dry period of August. When the corresponding values
for the two plots are averaged, the moisture content of the trenched soil is
practically the same throughout the summer as that of the untrenched soil,
except during the driest part of August; in this period the average values
are about 5 per cent greater for the soil in which root cOlnpetition has been
eliminated.
The reason for this condition probably lies in the fact that in the spruce
forest the greater part of the absorbing surface of the root systems of the
ovenvood is found in the surface layer of matted litter and raw humus.
When this layer was removed to expose the mineral soil of the experimental
quadrats, most of the absorbing rootlets were destroyed and consequently
the only effect of trenching the mineral soil would be to conserve the small
amount of moisture which otherwise would be withdrawn by the small
proportion of the absorbing surface existing in the mineral soil. This effect
would be most pronounced on the exposed south-facing site.
Exposure. As illustrated in Figures 13 and 14 conditions were more severe
during the dry period of summer on the southern slope on both humus and
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mineral soil. In the mineral soil the moisture content was generally higher
throughout the summer on the north slope, and during the dry period the
minimum was increased from an average of 19.5 per cent to 26.5 per cent;
the seasonal variation was less. On the humus the general trend was higher
on the north slope and the minimum \vas increased on the average from 49
per cent to 57 per cent. In both types of soil the duration of the dry period
was reduced.
Shading. On both undisturbed humus and mineral soil the effect of shading was to increase the maximum on the southern slope and to decrease it
on the northern. The minima were increased in all cases except in the mineral soil on Plot 36, where the minimum was 33 per cent on the undisturbed
soil and I I per cent under the lath screens. In general, the effect of shade
upon soil moisture was less marked and less consistent than that produced
by either trenching, exposure, or watering.
Wateri1z,g. The natural effect of the artificial watering was to maintain a
high level of moisture content throughout the season. In the humus soil
the maximum values were not materially altered but the minima were
greatly increased. On Plot 35 there was a gradual up\vard trend throughout the season, with no evidence of the dry spell in August. (Subplot 8,
Fig. 7.) On Plot 36 a general trend \vas apparent similar to that of other
quadrats, but the minimum was greatly increased (to 100 per cent) and the
curve fell below 200 per cent for only 9 days. In the mineral soil on both
plots the general level was well maintained without much variation and
with a slight but gradual decline from about 45 per cent in spring to an
average in late summer of about 35 per cent. Apart from this there was no
evidence of a dry period.
MOISTURE CONDITIONS IN THE SUPPLEMENTARY SITES

N aturaZly exposed mineral soil. The moisture determinations for the mineral soil naturally exposed in the forest on northern and southern aspects
are contained in Table 14, and the corresponding curves are presented in
Figure I 5a. These curves are generally similar in appearance to those for
the mineral soil on the quadrats of Plots 35 and 36, but the values are generally lower: this is probably due to the position of the mineral soil exposed
on the upturned root where the samples were selected. The curves for the
northern and southern sites agree closely in the early part of the season;
during the dry period in August the moisture in both soils fell steadily to a
low point of approximately 6 per cent for the soil on the southern aspect and
10 per cent for that on the northern aspect.
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DecayiJtg wood. The moisture values of decayed wood were very high. The
curve shown in Figure ISb of the wood in an advanced state of decay closely
resembles that for the average conditions in trenched humus soil. (Fig. 12.)
The seasonal trend is pronounced, but the low period is of short duration and
the minimum is 60 per cent which is high compared with the minima of
humus soils. During the season the decline from the high values of early
spring to the minimum in late August is very steady, without the sharp
fluctuations characteristic of the curves for the humus soils of the quadrats
on both plots.
The samples taken from the surface of the wood in an intermediate stage
of decay display an extremely high moisture content. The curve has rapid
variations and the usual seasonal trend; the maximum value is 537 per cent
and the minimum, on August 26, 172 per cent. The curves from both sites
are compared in Figure I Sb.
The following conclusions may be drawn from the results of the soil
moisture determinations:
a. The moisture content of humus soil, based on dry weight, was much
greater than that of mineral soil and showed rapid fluctuations of considerable magnitude. In the mineral soil the fluctuations were slight. The minimum values were approximately the same in both types of soil, occurring
near the end of August after a prolonged spell of dry weather.
b. Trenching the soil to eliminate root competition increased the general
trend of the lTIoisture content and particularly the minimum value; the
duration of the period of low moisture content was reduced. These effects
were more pronounced on humus than on mineral soil.
c. Both types of soil were generally more moist on the north slope throughout the season than on the south slope. The minimum was considerably
higher on the northern slope in each case.
,d. Shading did not produce any considerable differences. On both types
of soil the maximum values of soil moisture were increased on the southern
slopes and decreased on the northern; the minima "vere .increased in almost
all cases.
e. Artificial watering maintained the soil moisture at a high value
throughout the season in both types of soil.

f. Mineral soil naturally exposed on an upturned root "vas generally drier
than the mineral soil of the quadrats; the moisture values were considerably lower.
g. The moisture content of samples taken from the surface of decaying
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logs was high throughout the summer. Values from partially decayed wood
were greater than those from wood in an advanced state of decay.
h. In all soil types, except where artificial watering was carried out, the
general trend of soil moisture was the same throughout the summer, the
times of high values and low values corresponding on the different quadrats
and sites.
RELATION OF SOIL MOISTURE TO THE GERJ\'IINATION AND SURVIVAL OF
SEEDLINGS

In the preceding pages we have considered the results of both the germination studies and the moisture tests, and for each of these phases of the
investigation certain conclusions have been formed. If we no\v study these
two sets of conclusions it is possible to determine the relation between the
condition of the soil moisture on one hand and the process of seedling establishment on the other.
In the first place, germination was poor on the humus; during the early
part of the season, however, when germination would be expected to occur,
the moisture content of the humus was very high, and it would appear as
if the failure of the seeds to germinate \vas due to other causes than lack of
moisture. On the mineral soil, with a lo\ver moisture content based either on
weight or volume, germination took place freely.
When root competition was eliminated by means of trenching the soil,
moisture content was considerably increased in the humus and only slightly
in the mineral soil. No definite effect was produced on germination in the
mineral soil, but in humus it was slightly improved. In general, trenching
increased the soil moisture but did not improve germination.
Shading did not produce any consistent effect on the soil moisture other
than to increase the minimum values; germination was reduced on both
humus and mineral soil.
By means of artificial watering both types of soil were kept continuously
moist throughout the season. Germination was considerably improved on the
humus (from 4 per cent to 12 per cent), but no appreciable difference was
apparent in the mineral soil.
On the northern slope, with a higher moisture content in the soil, germination was better than on the southern slope, with a drier soil.
As regards germination, then, we are in a position to conclude that:
a. Spruce seeds germinated freely on mineral soil under natural conditions in the forest and no appreciable changes were produced by variations
of soil moisture due to treatment of the soil.
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b. Although the moisture content of the humus was very high during the
spring, germination on this type of soil was a failure. An improvement was
noticeable only when the moisture content of the soil was maintained at a
very high level by daily watering.
There does not appear to be any definite relation between soil moisture
and survival of the seedlings after germination. Of the total number of
deaths during the period of the study, 85 per cent were caused by birds and
insects, and 15 per cent by other causes, principally disease. Most of the
losses from birds and insects occurred on mineral soil and deaths from
disease were largely confined to the humus.
GERMINATION AND SURVIVAL UNDER CONTROLLED CONDITIONS IN THE
GREENHOUSE

The detailed records of this part of the investigation are contained in
Tables 19,20, and 21. The significant information in these tables is the
values of total germination attained on each soil type and the total length of
time which elapsed in each case before the seedlings died of drought. These
values are summarized in the following table:
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All the beds were watered daily for a period of 18 days after the seeds
were sown. At the end of this time the beds in Series A were watered at 5day intervals for 55 days, when watering ,vas stopped; in the C series watering was continued at 5-day intervals for 94 days and then ended; in the B
series the watering at 5-day intervals was continued for 55 days, and then
the beas were watered at increasing intervals of 8, 13, 20, and 25 days until
all the seedlings had died. The general effect of the work was to offer suitable conditions for germination on all the beds, and then to produce dry
periods of different length for each series.
The differences in watering produced little or no effect upon germination
except in the clay. In humus the average increases in germination in the
three series after uniform watering was discontinued were 1.5 per cent,
4 per cent, and 0.5 per cent; in sand, 0.5 per cent, 0.5 per cent, and 0.5 per
cent; in clay, 3 per cent, I I per cent, and 22.5 per cent. The average final germination was 31.2 per cent on humus, 54.5 per cent on sand, and 43.8 per
cent on clay. The germination period was much shorter on humus and sand
than on clay. In the former practically all the seedlings had appeared on each
series of beds at the end of 60 days, while on the clay beds the respective
germination values at 60 days were 27 per cent, 34.5 per cent, and 39.5 per
cent, and the final values were 30 per cent, 44 per cent, and 57.5 per cent,
the increases being 3 per cent, 9.5 per cent, and 18 per cent. The continued
period of frequent watering favored the germination process on. the clay
soil.
The general trend of germination on the three soil types can be seen to
good advantage in the curves of Figures 16, 17, and 18. For the humus and
sand the curves rise steadily during the early part of the experiment but show
no further change; the curves for the clay soil (Fig. 18) illustrate the delayed germination, particularly in Series C.
Early mortality, due to disease, was apparent in both the humus and sand
and persisted until about the 60th day after so\ving, when few new deaths
occurred until the effect of moisture deficiency began to be evident. The
first deaths from this cause occurred at about the 1 loth day in Series A and
B and at about the I25th day in Series C. After these dates the mortality
increased rapidly until all the seedlings had died.
In the clay soil there was little or no early mortality. Later, the mortality
due to drought began slowly, with a few deaths occurring over a period of
approximately 20 days; after this time the deaths increased rapidly until
mortality was complete. The beginning of the period of initial mortality
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per cent, 54.5 per cent, and 43.8 per cent, respectively. Tests of the seed in
a germinator gave average values of 48.5 per cent. Germination on humus,
while fairly good, was only 71 per cent of that on the clay soil.
2. The germination period is shorter on humus and sand than on clay.
On the former soils the germination was complete in 60 days, while delayed
germination persisted on the clay soil until 80, 90, and 110 days, depending
on the time during which intermittent watering was continued.
3· After seedlings have become established, their ability to survive dry
periods appears to be approximately the same on humus, sand, and clay soils.
4· Mortality due to disease occurred on humus and sand soil but not on
clay.
DETERMINATIONS OF THE WILTING COEFFICIENT

For the spruce seedlings grown in the main series of seed beds in the
greenhouse, the wilting coefficients were found to be 9.1 per cent for humus,
0.4 1 per cent for sand, and 2.41 per cent for clay. In these tests the seedlings growing in sand were 117 days old at the time of wilting. The coefficient for spruce 47 days old, grown in sand, was 0.82 per cent. From these
tests it would appear that young seedlings are more susceptible to injury
from drought than ate those which are more mature.
MOISTURE ABSORPTION BY SEEDS

By testing the rate of moisture absorption by spruce seeds it was found
that \vhen the seeds were placed on humus soil saturated with water in a
warm atmosphere with high humidity, the organic soil lost its free water
very quickly, and after five 'days the seeds showed no visible change in appearance and had increased in weight only 3 per cent. Seeds placed on
saturated clay soil under the same conditions were found at the end of five
days to have increased in weight 27 per cent as a result of absorbing water
from the mineral soil, which remained in a moist condition. In the case of
the humus the moisture content probably continued to be considerable after
the free water had run off, but the soil itself had a generally dry appearance.
The moisture present was within the tissues of the dead organic constituents
of the surface horizons. After the excess water had disappeared the seeds
were not in actual contact with either free water or water containing colloidal matter and were unable to absorb the moisture necessary for germination.
In the case of the clay soil a certain amount of excess water ran off following the initial saturation, but a considerable amount was retained, as evi48
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denced by the characteristic moist appearance and "feel" of the soil in the
seed bed. This ·water was retained partly by the colloidal action of the clay
particles, partly by the physical forces of the capillarity existing in the inlterstices of the soil mass, and also by the surface tension in the films of
water surrounding the mineral particles. There was, therefore, a considerable and continuous water mass with which the seeds were in close contact
and from which they absorbed the water which increased their weight 27 per
cent above the dry condition and brought them to the point of germination.
This relation between the action of water in humus and clay soils and its
availability for absorption by seeds in the two cases throws considerable
light on the results of the germination tests in the greenhouse. On all three
types of soil, sand, clay, and humus, the daily watering during the first part
of the experiment kept the soil continuously moist and germination took
place freely, although the results were better on clay than on humus. When
the intervals between successive waterings were increased from one day to
several days the humus became so dry during the intervals that further
germination was impossible. On sand, however, germination continued until
all the viable seeds had sprouted; on the clay, which remained in a very
moist and consequently a cool condition, germination was not quite as high
at first as on the sand, but when the intervals between watering were
lengthened to a considerable number of days germination finally occurred
in the seeds whose earlier development had been inhibite~ by the moist
conditions.
Once the seedlings ,vere established they were able to survive on each
type of soil, for during the intervals bet,veen watering the moisture content
did not fall below the wilting coefficient in any case.
CORRELATION OF THE INVESTIGATIONS IN TIlE FOREST WITH THE STUDIES
MADE UNDER CONTROLLED CONDITIONS IN THE GREENHOUSE

Ger?ni'JZation O?~ humus soil. Germination was a failure on undisturbed
humus soil in the forest, but where the humus was kept moist by daily ,vatering, both in the forest and in the greenhouse, germination took place fre'ely.
The curves of soil moisture show that rapid and considerable fluctuations
occurred in the moisture c;ontent of the undisturbed humus soil, while a
high level was maintained when it was watered. In the greenhouse it was
found that seeds absorb only a negligible amount of moisture when placed
on saturated humus soil which received no further watering; on humus
which was watered daily, sufficient moisture was absorbed to enable germination to take place.
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It may be concluded, therefore, that on the undisturbed humus soil of the
forest the seeds failed to germinate because soil moisture \vas inadequate
during the early part of the season. It is likely that the direct cause of the
failure of germination was the inability of the seeds to absorb moisture from
the soil particles with which they were in contact.
Germ·inatio'Jz on JJzineral soil. Germination took place freely on mineral
soil both in the greenhouse and in the forest. When the soil \vas watered the
germination was slightly increased on the southern slope in the forest; on
the northern slope it was decreased. Considerable delayed germination took
place in the greenhouse when the intervals bet\veen \vaterjng \vere increased.
It would appear, then, that the effect of frequent \vatering on mineral soil is
to decrease the rate of germination under ordinary conditions but on vvarm,
dry exposures this effect is not apparent. This would indicate that a high
moisture content restricts seedling establishment by keeping the ten1perature
of the soil below the point \vhich is necessary for germination.
Mortality. At the end of the first growing season in the forest the survival
was better on the humus than on the mineral soil. However, most of the
deaths in the latter case were caused by animals and it is likely that with
more open spacing, as would occur from natural seeding, this cause of
mortality would be negligible. On the humus, most of the deaths were caused
by disease.
In the greenhouse a considerable number of the seedlings died from
disease shortly after germination, while no deaths occurred on the clay soil
from this cause. We may conclude, therefore, that on n1ineral soil in the
forest, with a natural seed supply, the mortality from disease would be inconsiderable, although the degree of damage \vhich might be caused by
animals is uncertain. On humus soil the mortality among seedlings during
the first gro\ving season is considerable, and consequently the survival is
less than that on mineral soil. Once the seedlings are well established and
past the first half of the summer, their ability to survive appears to be about
the same on both humus and mineral soil.
Applicatio'Jz of results in silvicultural practice. As stated in the introduction, there is an insufficient amount of spruce reproduction beneath the overwood of the mature spruce forest, and the main,problem in managing such
a stand is to secure a regeneration of sPruce after the logging operation.
The investigation has indicated the reason for the absence of the spruce
reproduction on the humus soil of the forest and also has shown that, with
favorable conditions of seed supply, germination of spruce seedlings will
take place freely if the mineral soil is exposed by breaking up or removing
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the humus. It should be possible, therefore, to secure adequate regeneration of spruce in mature Picea-Abies forests by artificially breaking up the
layer of raw humus on the forest floor and thus permitting the mineral soil
to be exposed. This operation should be carried out at a sufficient interval
before logging to insure an adequate supply of seed and to enable the young
seedlings to become sufficiently established to endure the exposure of the
soil to increased light and warmth due to the removal of the overwood. The
understory of reproduction would suffer considerable damage during logging, but this could be lessened by delaying the cutting operations until the
young trees had attained a considerable size. However, special investigations
are necessary to determine both the time required for the establishment of
reproduction after the mineral soil has been exposed and the age which the
reproduction should be allowed to attain in order to Ininimize damage during the logging operation and from the subsequent exposure produced by
the opening of the stand.
CORRELATION OF THE RESULTS WITH THE WO'RK
OF PREVIOUS INVESTIGATORS
HE results of the germination studies in the forest are in general
agreement with the work of previous investigators. Germination was
found to be poor on the humus and good on mineral soil, as previously observed by Bohmerle (7), Lowdermilk (26), Moore (30), and the Northeastern Forest Experiment St.ation (33). More favorable conditions for
germination were found to exist on north-facing slopes and this confirmed
the conclusions of Mork (31). The Northeastern Forest Experiment Station
(33) and Eide (12) had noted the occurrence of spruce seedlings on rotting
wood, but while Eide attributed this to a complex of factors and Mork (31)
concluded that the abundance of mycorrhiza in the decaying wood \vas responsible, the results of the present investigation would indicate that abundant moisture is the reason for the germination and survival of the seedlings.
The effect of .increased shade in reducing germination was apparent in
the field investigations, ·but further studies are necessary to determine if
the cause is lack of light, as proposed by Cieslar (10) and Fabricius (14),
or the lack of sufficient warmth which Kallin (24) and Kujala (25) concluded was responsible for the poor germination in some of their experi~~
.

T

Bohmerle (7) observed that mineral soil offered better conditions than
moss-covered soil for the survival of seedlings during dry periods. The rea51
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son for this has been shown to be the combination of higher moisture content
in the mineral soil, based on volume, and the greater availability of the
moisture in the mineral soil compared with the humus. The ability of spruce
raw humus to absorb water or to dry out quickly has already been stressed
by Moore (30).
The seasonal trend of soil moisture was found to be in accordance with
the results of Simpson (39). Halden (21) had found that in the spring the
surface layers of forest soil were moister than the mineral soil beneath, but
that during the dry season this condition might be .reversed. This reversal
was also observed in the present experiment.
As far as their respective pieces of work were comparable, the results of
Fricke (16), Cieslar (10), Craib (I I), and Fabricius (14) concerning
root competition were found to be in agreement with the results secured by
trenching quadrats of humus soil in the experiment at Aleza Lake. Trenching produced very little effect in mineral soil, however, and this is explained
by the absence of absorbing roots in the mineral soil, as previously observed
by Moore (29).
In spite of the high powers of the clay soil to retain moisture, seeds placed
on it were able to absorb sufficient water to promote germination. This
characteristic of seeds has been referred to in the work of Shull (38) and
Bouyoucos (8).
In applying the results of the experiment to silvicultural practice in
spruce forests, the conclusion has been drawn that natural regeneration can
be secured by artificially breaking up the layer of raw humus on the forest
floor, thus permitting the mineral soil to be exposed. This is in accordance
with the recommendation of Weidemann (46) for the spruce forests of
Saxony.
SUMMARY
OUTLINE OF METHODS
I. In the first part of the investigation, the germination and survival of
spruce seed were studied on raw humus and exposed mineral soil under
four sets of conditions: (a) undisturbed, (b) shaded, (c) watered, (d)
trenched. Similar series of plots were established on a north-facing and a
south-facing slope.
2. The seasonal trend of soil moisture was studied under each variation
of treatment referred to above by making determinations of moisture content based on dry weight at intervals of a few days throughout the season.
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3. In the second part of the investigation, seeds were sown on three types
of soil, humus, sand, and clay, under controlled conditions in the· greenhouse. By varying the intervals of watering, each type of soil was subjected
to a series of dry periods, and the progress of seedling survival and mortality was observed by counting the seedlings at regular intervals.
4. The wilting coefficient \vas determined for each type of soil, and an experiment "vas conducted to determine the extent to which seeds absorbed
water from both raw humus and clay soil.
GERMINATION

5. Germination was found to be negligible on undisturbed raw humus
soil in the forest but took place freely on exposed mineral soil.
6. Trenching to eliminate root competition did not produce any definite
effect on germination in mineral soil but increased it slightly in the humus.
7. Increased shade reduced germination on both soil types.
8. Germination was better on northern than on southern slopes.
9. In the forest, artificial watering produced considerable germination on
the humus but no particular change in the germination on mineral soil. In
the greenhouse, germination took place freely on humus soil when it was
watered daily; under the same conditions good germination occurred on the
ciay soil, and in addition delayed germination took place when the intervals
between watering were increased. Germination was good on sand with no
delayed results. It is concluded, therefore, that spruce seed ,vill germinate
freely on humus, sand, or clay soil if the proper amount of moisture is
available during the period of germination of the seeds.
10. The germination period is shorter on humus than on clay.
MORTALITY
I I. After spruce seedlings have become established, their ability to survive dry seasons appears to be the same on either h\lmus or mineral soil.
Little or no mortality from drought ,occurred in the forest during the season
under consideration.
12. Considerable mortality due to disease occurred on the humus soil
both in the forest and in the greenhouse. This cause of mortality did not
appear in the clay soil. In the forest the seedlings on the mineral soil suffered
considerable damage fron1 birds and insects, but under natural conditions
of seed supply it is probable that losses from this cause would be negligible.
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SOIL MOISTURE CONTENT

13. In the forest the moisture content of humus soil, based on dry weight,
was greater than that of mineral soil and showed rapid and considerable
fluctuations; in mineral soil the fluctuations were slight.
14. Trenching increased the moisture content of humus soil, particularly
during dry periods; no change ,vas produced in mineral soil except a slight
increase of moisture content during the driest part of the season.
15. On north-facing slopes the soils had a higher moisture content than
on southern slopes.
16. Shading did not produce any significant difference in soil moisture.
17. Artificial watering maintained the moisture content of both humus
and mineral soils at a high level throughout the season.
18. The moisture content of decaying wood in fallen trees was high
throughout the summer; partially rotted wood had a higher proportion of
moisture than wood in an advanced state of decay.
19. In the forest, at the driest part of the season, the moisture content
of neither humus nor mineral soil fell below the wilting coefficient.
GENERAL
20. The failure of seeds to germinate on humus soil in the forest was
due to their inability to absorb moisture from the particles of organic matter
with which they were in contact. vVhen the season was sufficiently advanced
for temperature conditions to be suitable, the humus did not remain moist
long enough for germination to take place. In the mineral soil sufficient
water remained available for absorption by the seeds to enable germination
to occur.
21. Natural regeneration of spruce may be secured in mature sprucebalsam forests by artificially breaking up the layer of raw humus on the
forest floor and exposing the mineral soil. This operation should be carried
out at a sufficient interval before logging to enable the seedlings to become
securely established.
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Fig.

I.

Typical forest conditions in the vicinity of experhnental plots, AJeza
Lake Forest Experinlent Station, British COlulubia.

Fig.

2.

Typical soil profile} Aleza Lake Forest ExperiInent Station.

Fig. 3: G·eneral appearance of ground cover on clay soil under ulature PiceaAbies ·forest, Aleza Lake Forest Experirnent Station.

Fig. 4. Subplot

2,

Plot 35, with lath screens in position.

Fig. 5. Subplot 4, Plot 35, with IHl111US removed and mineral soil exposed. Note
the stakes n1arking the end of the five seed rows.

Fig. 6. Arrangelnent of the series of five seed ·rows. Plot 35, Sul>plot 6.

Fig.

I

9 ~ General appearance of seed beds in sand and clay soils in the greenhouse.

Fjg.

20 .

Seed beds on humus soil. Note the garden loam surrounding the humus soil and the herbaceous vegetation growing on
the seed beds transferred from the forest.
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